Introduction
Coal mining in Mozambique has increased rapidly in the last 10 years, due to the discovery of new coal mine deposits in the Tete province. In 2008, it was found that one of as to assess the balance between components that produce acids and those that consume them (Coastech Research INC 1991) . There are a number of methods reported in the literature for predicting AMD generation, one of these, the so called acid-base accounting (ABA) or Sobek method is based on determining the acid potential (AP) and neutralizing potential (NP) of mine waste. When AP and NP are known, the net neutralizing potential (NNP) can be calculated on the basis of the difference between NP and AP (Bouzahzah et al. 2014 ). The waste material can then be characterized as either non-acid producing or acid consuming if NNP >20 kgCaCO 3 /tonne, and as acid producing if NNP < −20 kgCaCO 3 /tonne. There is a zone of uncertainty between −20 kgCaCO 3 /tonne < NNP < 20 kgCaCO 3 /tonne in which nothing can be said, this being a critical zone (Bouzahzah et al. 2014) .
The neutralizing potential ratio (NPR = NP/AP) is another parameter that can be used to assess whether waste material is acid or non-acid producing. For NPR values greater than 4:1, waste materials are characterized as nonacid producing, whereas for NPR values of between 2:1 and 4:1, AMD is not expected to occur. For NPR values between 2:1 and 1:1, AMD is expected to be generated. When NPR is less than 1, the material is considered to be acid producing (Price et al. 1997) .
Acid generation for each coal mine is site-specific, meaning that to develop a plan for managing or treating AMD, it is necessary to develop a site-specific study so as to determine the behavior of the mine waste over time (Devasahayam 2006) . There are only very limited studies of the prediction of AMD generation in Moatize reported in the literature.
The aim of the present paper is to investigate the possibilities of AMD being generated in Moatize. If the possibility of AMD generation occurring is found to be unlikely, neutral drainage with heavy metals and neutral drainage with sulfate generation will be evaluated.
Study area
Moatize is a district of theTete province that is situated in the center of Mozambique (Fig. 1) . It is 20 km from Tete city and has a total surface about 8.455 km 2 in size and a population density of 13.4 pop/km 2 . Its climate is semiarid and sub-tropical, its having an annual mean precipitation and a potential evapotranspiration of 644 mm and of 1.626 mm/year, respectively. The maximum and the minimum average temperatures per year are 33 and 21 °C, respectively (José and Sampaio 2011) . The Moatize-Minjova coal basin is the only one there that is currently open to exploitation. This basin is a karoo-aged rift, its consisting of interbedded carbonaceous mudstones and sandstones, together with coal seams (Fernandes et al. 2015) .
The coal mining waste analyzed in the study was taken from a waste pile produced by two different mining companies that are operating in the Moatize mining field. This particular study area was selected, because it contains one of the largest unexploited deposits of mineral coal of the world, in an area that the Zambezi River and various tributaries of it run through. The area in question is potentially sensitive to pollution due to the mining activities there, despite the large flow of water in the Zambezi River (Fig. 1) . The tributaries of the river are of particular interest here, due to the considerably lower flows compared to the Zambezi River.
Methods
The methods employed involve collecting samples from two mining companies denoted as M and R, followed by the analysis of pit water and of a waste rock pile to determine their composition. The laboratory experiments carried out include static and kinetic tests performed in the water resources laboratory of Lund University, using Buchner funnels at 33 °C. Analysis of the mine water and that of the waste rock were performed in the laboratory of instrumental chemistry at the Biology Department of Lund University.
Sampling
The waste samples involved were collected from waste piles produced by the mining companies (Fig. 2) . The mining process includes the digging of one or more pits to exploit the resources involved and the storage of waste in piles close to the pits. Once mining is finished in a given pit, the waste is returned to the pit for backfilling. The waste samples used for the analysis were prepared by taking various quantities of waste from different piles that were selected randomly and in each case were mixed thoroughly by a shovel so as to obtain a fraction about 300 kg.
Water samples were collected from different pits (Fig. 2 ) using plastic bottles of 500 ml and these samples were taken for laboratory tests. The samples of mine water and of coal waste were taken from two different coal mines. The name of the mining companies involved is not discussed at their request.
Static test
During the static test, three different methods were employed: paste pH testing, standard acid-base accounting (ABA) (Sobek 1978) , and modified acid-base accounting (Coastech 1 3 Research INC 1991) . For the paste pH test, 10 g of waste sample sieved to an average particle size less than 0.25 mm was mixed with 5 ml of deionized water in a beaker to form a consistent pulp. The pulp was thoroughly mixed using a spoon, and the pH was measured using pH meter.
For the standard acid-base accounting method, waste coal sieved to an average particle size less than 0.25 mm was analyzed in the laboratory for determining its chemical composition with respect to Fe, Mn, Al, Ca, Mg, Zn, Ti, Ni, total sulfur, and sulfur from organic compounds.
A sample about 0.5 g in was placed in a piece of aluminum foil and two drops of 25% HCl were added. Bubbling of the sample indicated a reaction between carbonates contained in the waste sample and the added acid. The reaction rates obtained using the fizz rate test are shown in Table 1 .
A 2.0 g sample with an average particle size of less than 0.250 mm was poured into an Erlenmeyer flask, HCl being added in accordance with the volumes and strengths of the fizz test that results indicated. The pulp obtained was heated then, and swirling produced by use of the magnetic stirrer was continued until the reaction was completed. Deionized water was added to produce a total volume of 125 ml, and the resulting mixture being boiled for 1 min. Once cooled, the sample was titrated with NaOH, using the volume and strength determined by use of the acid fizz test until a pH of 7.0 was reached. The volume of NaOH added was recorded and was used to determine the neutralizing potential of the sample according to Eq. 1: where: N ac is the normality of the HCl used for digestion, N bas is the normality of the NaOH used for titration, and vol is the volume of each solution (ml).
The acid potential (AP) was calculated using Eq. 2 for the standard method
where S total is the total sulfur in percentage and AP is the acid potential in kilogram of CaCO 3 per tonnes of the material.
The modified acid-base account was made by first performing the fizz test and then analyzing the AP of the waste sample. In doing so, 2.0 g of waste sample with average particle size of less than 0.074 mm was poured into a 250 ml Erlenmeyer flask, HCl being added then in accordance with the volumes and strengths obtained on the basis of the fizz test results. The resulting sample was agitated and was let to settle for 24 h then after which the pH was checked to determine whether it fell between 1.5 and 2.0. If so, the sample was titrated with NaOH until pH 8.3 was reached. Otherwise, the experiment had to be repeated. For positive samples, the volume of NaOH was recorded. The NP and AP were calculated using Eq. (1) and Eq. (3), respectively:
where S sulfide is the percentage of sulfur in the sample. S sulfide was calculated then using Eq. (4), (Plante et al. 2012 ):
Kinetic test
The kinetic test was performed using a column test described in the ARD test handbook (Smart et al. 2002) .
In connection with the experiments, use was made of four Buchner funnels 110 mm in diameter made of polypropylene as well as filter paper, 1 l collection containers, heat lamps, and deionized water. After preparing the setup, as shown in (Smart et al. 2002) , filter paper was placed at the base of each of funnels. The weight of the funnels and their filters was measured and 0.5 kg of the sample that was less than 4 mm in average size was loaded into each of the funnels. Two such samples for each of the two mining companies were tested.
The heat lamps were operated continuously 5 days a week, the samples being left unheated then for two consecutive days. The temperature on the surface of the funnels was kept at a constant level of 33 °C through use of heating lamps.
Deionized water was used as the test solution. During the experiments, 50 ml of it was applied to the surface of each funnel once a week. The test solution was added on day 5. During days 6 and 7, the heating lamps were kept at OFF. The leachates were collected on day 1 of each week (3) AP = 31.25 × %S sulfide , (4) wt%S sulfide = wt%S total − wt%S sulfate . and were sent to a laboratory for analysis. The calculations and plots for the kinetic test followed procedures recommended by EPA (EPA 2011).
Water and coal waste analysis
The metals were analyzed using ICP-OES, Optima 8300 from Perkin Elmer. A 1% concentrated nitric acid solution was added to the water samples prior to analysis. The coal samples were dissolved in 7 ml of nitric acid and 3 ml of H 2 O, using the microwave MARS 5 from CEM, the resulting solution being diluted then to a volume of up to 50 ml and analyzed by use of ICP-OES. The conductivity was measured using the conductivity meter CDM 92 from Radiometer Copenhagen. The sulfate was analyzed using 861 advanced compact ion chromatography from Metrohm. Alkalinity was analyzed using TOC-V(cph) from Shimadzu.
Results and discussion
The chemical composition of the samples M and R from the two respective coal mines that were studied is presented in Table 2 . Sample M has more sulfur than sample R, which means that the AP for sample M is probably higher than that for sample R. The sulfide sulfur was determined in accordance with Eq. (4). The results of the static test are presented in Table 3 . The standard and the modified methods show that for the M samples, NNP is higher than 20 kgCaCO 3 /tonne, which means that there is unlikely to have been AMD generation in the mine in which the M samples were collected. The NNP value of M samples obtained using the standard method was higher than those obtained using the modified method. This probably occurs because of there being an overestimation of NP with use of the standard method, due to boiling of the pulp during determination of the NP. The paste pH test for M samples is 6. Nothing can be said about M samples using the value of paste pH. Results of the ABA test are in contradiction to those of the paste pH test. The kinetic test (leaching test) can be used to clarify the contradiction between results of the ABA test and the paste pH test. The NNP value obtained using both the standard method and the modified method for R samples falls in the uncertainty zone (−20 kgCaCO 3 / tonne < NNP < 20 kgCaCO 3 /tonne).This means that nothing can be concluded regarding the possibility of AMD generation there. A paste pH test indicates that pH = 7.5, which means that reactive carbonates are present in the sample. In this case, the kinetic test can be used to obtain more information about the R samples so as to help to clarify the assessment.
The NPR for M samples is between 2 and 4, which means that AMD generation is not to be expected. The NPR for R sample is less than 1, which means that the coal waste can be considered acid producing.
Due to the results lying within the uncertainty zone and there being contradictory results for the paste pH test, for the NNP interpretation and for NRP, the kinetic test can be performed instead to obtain the details that are needed. Table 4 shows the results of analysis of the mine water collected from four different pits. M1, M2, and M3 are all results for the same mine company, whereas R1 are results for another mining company. It was not possible to collect further samples for mining company R, since the pits were dry. From the results obtained, it can be seen that the mine water is neutral and has a high content of sulfate, calcium, and magnesium, which is an indication of neutralization of the acid by carbonates and silicates.
Mine water from pits
Moatize has many coal mining companies. The cumulative effect of the operations of those mining companies located along small tributaries of the Zambezi River could very well result in significant water pollution characterized by a high level of hardness and a high content of sulfate. 
Kinetic test results
The results of the leaching test are presented for both samples in Tables 5 and 6. The cumulative concentrations of  SO 4 2− , Ca, Mg, and Mn for all 11 weeks for both samples are high as compared with the safety limits provided by EPA and WHO. High concentrations of Ca and Mg can be explained in terms of the high weathering rates of carbonates and of silicates.
The resulting drainages from samples for mining companies M and R are neutral with high concentration of sulfates and of metals.
The pH values for the two samples are presented in Tables 5 and 6 , all of them being greater than 7.1 and less than 7.8.These values are thus in nearly neutral to alkaline region. The presence of Fe can be indicative of the acid being both generated and neutralized by the large amounts of neutralizing species that are present.
The cumulative sulfate in both samples is shown in Fig. 3 . The sulfate rate in the sample from mine M is higher than that in the sample from mine R, which means that the oxidation in the sample from mine M occurs at a faster rate than in the sample from mine R. Tables 5 and 6 show how the concentrations of Fe, Al, and Mn vary over time in both samples. The concentration of Mn is much higher than that of Fe and of Al. In Table 2 , one can see that the Mn content in the samples is less than that of Fe and Al. The high concentration of Mn can be explained in terms of high weathering rate of minerals that contain Mn, as compared with that of those that contain Al and Fe. The Mn concentration in a sample from mining company R shows a positive trend, whereas in the sample from mining company M increases in the first few weeks and decreases then until week 11 (Tables 5, 6 ).
The cumulative flux of Mg 2+ , and Ca 2+ and its sum in the CaCO 3 equivalent are presented in Figs. 4 , which means that calcium has a low impact upon the neutralization process of AMD. This means that the dissolution of dolomite [CaMg(CO 3 ) 2 ] and magnesite (MgCO 3 ) is higher than the dissolution of calcite (CaCO 3 ).
Figures 6, 7 show the cumulative oxidation products, the sulfates as compared with the carbonate dissolution products, as well as calcium and magnesium, in the leachate. These figures show the geochemical evolution of the acidic and the neutralization potential in the course of the kinetic test. The linear relationship between the oxidation and the dissolution products indicates that the neutralization is a direct response to the acid that is produced. The slope represents the neutralization rates. The neutralization rates of the samples from both mining companies are constant and the neutralization rate of the samples from the mining company M is higher than the neutralization rate of the sample from mining company R. Figure 8 shows that the weathering rate of the carbonate is higher at the beginning, but that it slows down from week 4 on for the samples from the mining company M.
The material that becomes exhausted first is sulfur, which means that very likely the AMD that is produced will be neutralized. The results of the static test show that the NNP of the samples from the mining company M were above 20 kgCaCO 3 /tonne of waste, which means that the generation of AMD is unlikely. The NPR ratio is between 2 and 5, meaning that AMD is not expected to occur. The paste taste shows a pH value of 6, which means that nothing can be said about the possibility of AMD generation. The results of the kinetic test confirm the results of the static test in indicating that AMD led to the conclusion that there is unluckily to be AMD generation from the tailing of mining company M. Figure 9 shows the weathering percentage of sulfur and of carbonates present in the sample from mining company R. The weathering rate of the carbonate is high, which means that the material that will be exhausted first is the carbonate. Once the carbonate is used up, AMD can be produced. According to the results of the static test performed on the sample from mining company R, NNP is located in the uncertainty zone, which means that nothing can be said about AMD generation. NPR is less than one, which means that the sample from the mining company R can be considered to be an acid producing material, although the results of the paste test say that the pH value is around 7.5. The paste test probably gives this result because of the carbonate neutralizing all of the acid that is generated, but it does not take into account what will happen when all of the carbonates that are neutralizing the acid are exhausted. Detailed studies are needed to obtain more consistent information concerning the possibility of AMD generation in Moatize, yet based on the results of this study, it can be said that there is the risk of the generation of AMD in the future when the carbonates that are neutralizing the acid are exhausted in mining company R.
Conclusions
The static and the kinetic tests were carried out using samples from the mining companies M and R in the Moatize region. The results of the static test of the sample from mining company M show that the generation of AMD there is unlikely. The kinetic test of the sample from mining company M confirms the results of the static test. The static test of the sample from mining company R shows that AMD can be generated, and the kinetic test indicates that, as long as carbonate is available in the waste, AMD will not be generated. The kinetic test of the sample from the mining company R also shows that the weathering of the carbonate is greater and takes place more quickly than the weathering of the sulfur, which means that the carbonates will be exhausted sometimes in the future and the AMD will then be generated, since the neutralizing material will no longer be available then.
On the basis of the results of the static and of the kinetic tests, it can be concluded that there is unlikely to be any AMD generation from the tailings of the mining company M, but that there is the risk of AMD generation from the tailings of the mining company R, but only when the carbonate that is present in the material is exhausted.
Mine drainage based on the high content of sulfate and of metals is to be expected in both mines. The concentration of sulfates, of manganese, of calcium, and of magnesium in mining water is very high. These need to be removed or controlled. 
